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Abstract

We propose to measure y7t — 71+71% near threshold. The yrt —
7+ reaction will be studied by measuring yp — 71 7% cross sections
near t & —m?2 using tagged photons with energies between 1 and
2 GeV, and the CLAS detector. The v — 37 structure function,
F37_is related to the 7% — vy amplitude by PCAC and is predicted
by the Wess-Zumino-Witten effective Lagrangian in the limit of zero
momentum. F°7 will be measured in the physical region and compared

with models for the momentum dependence of the structure function.

1 Introduction

The QCD Lagrangian is difficult to solve at medium and low energies due to
the large size of the strong interaction coupling constant. It is for this reason
that there has been considerable theoretical effort to develop, as suggested by
Weinberg|[1], effective Lagrangians based on the symmetries of QCD. In the
limit of massless quarks, QCD exhibits chiral symmetry. The left-handed and
right-handed components of the quark spinor field decouple, and QCD has
an exact SU(3)y, x SU(3)r symmetry. This symmetry is dynamically broken
resulting in eight massless Goldstone bosons, which are identified with =, i,
and 7.

By expanding an effective chiral Lagrangian in powers of field derivatives,
chiral perturbation theory (x PT) can predict low energy scattering reactions
and decays{2]. The energy scale of the expansion is of order 47F, = 1GeV,
where F, is the pion decay constant, £, = 93.1 &£ 0.1 MeV. The effective
Lagrangians have phenomenological constants which must be constrained
from known reactions. For the most general order four Lagrangian (four
powers of field derivatives) there are ten arbitrary constants([3].

Calculations based on chiral symmetry and experimental tests of these
QCD based predictions are among the most important low energy tests of the
standard model in progress. Recently there has been considerable theoretical
and experimental activity in the areas of threshold #° photoproduction, ==
scattering, and hadron polarizabilities{4]. In this proposal we request ap-
proval for a study of the axial anomaly using the yr*+ — =*7° reaction near
threshold. Cross sections for yn+ — z*7% will be obtained from measure-

ments of vp — 7*7% near t &® —mZ. Figure 1 shows the ¢-channel pion



exchange diagram for the reaction and how it is related to the yr+ — 7¥#°
vertex.

2 The axial anomaly and v — 37

Symmetry breaking in physics can occur through several different mech-
anisms. These mechanisms include explicit, spontaneous, dynamical, and
quantum mechanical symmetry breaking terms. Quantum mechanical sym-
metry breaking occurs when a symmetry that is present in a classical La-
grangian is broken when the theory is quantized. This condition leads to the
occurance of an “anomaly”. In early theoretical investigations of #° decay
through the partially conserved axial current (PCAC) and current algebra,
it was discovered that an anomalous axial current is needed to explain the 7°
decay rate{5]. Later, with the development of effective chiral Lagrangians,
it was clear that the symmetry properties of these Lagrangians forbid the
transition between an even and odd number of mesons, although these tran-
sitions are allowed by QCD and are observed in reactions such as 7% — v
and KK — 7tn~7° To amend this problem the Wess-Zumino-Witten ef-
fective Lagrangian was constructed[6, 7). While we do not reproduce here
the structure of the axial anomaly in the Lagrangian, it is important to note
that the expression has a known coefficient that depends only on Fr, and on
the number of colors, N, {in chiral theories F, is a fundamental constant,
appearing in calculations with every field deriviative). In this respect the
axial anomaly is unlike other terms in the effective Lagrangian which have
free parameters that must be adjusted to agree with experiment.

The axial anomaly allows the #° — v+ reaction to proceed at a significant
rate, providing one of the widely noted methods for measuring the number
of colors. The predicted amplitude for 7% — 2y is

th aNC
Aryy = 3= F,

= 0.025 GeV ™!

for N, = 3. The experimental amplitude, A%? = (0.0240+0.0003)GeV ~'{4},
is in good agreement with the predicted amplitude. This is generally regarded
as an important triumph of QCD, both as a test of N. = 3 and of the

symmetries and anomalies of the theory.



The axial anomaly also predicts amplitudes for the reactions
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The v — 37 amplitude, F", was first derived from the 7% — v amplitude
using PCACI[8, 9, 10], and later from the Wess-Zumino-Witten effective chiral
Lagrangian. The amplitude, given by

P eN,

= 5aps = 93GeV ™

is similar to the 7° decay amplitude in that it depends only on N, and the
pion decay constant.

The arnplitude predicted from the axial anomaly does not agree with the
results of vector meson dominance (VMD). Working in the low energy limit
of a v — mp — 37 model Cohen[11] has shown that the v — 3r amplitude
is given by

F\%w = %st

To enforce consistency with PCAC, Cohen indicates that “short range” con-
tributions to the amplitude, not included in the VMD model, are needed to
reproduce the PCAC result.

Using the vp — 77 7% kinematics of Figure 1 we define s = (ky + k)2,
t' = (q— k1), and u = (g — k3)®. The vectors g, ky, ks, and k3 are the four-
vectors of the photon, outgoing 7t and 7% and virtual pion, respectively.
The constant chiral value for F*" is strictly valid in the limit where all pairs
of invariant masses are zero, ¢°> = s = #’ = u = 0. In the physical region,
where 5 > 4m? and ¢ = k2 < 0, F?" acquires momentum dependence on ¢2,
s, t', and u. It is generally expected that VMD can yield the momentum
dependence of F3". Figure 2 shows the s dependence of F*" for several
different theoretical models, which are described in detail in Appendix A.

There is only one experimental determination of F>" that needs consid-
eration here. This measurement is the 40 GeV/c #~A — 7~ 7%A radia-
tive production experiment performed by Antipov et al. at Serpukhov[12].



To enhance pion pair production in the Coulomb field over hadronic back-
grounds, the data for this experiment were taken at low momentum trans-
fer, ¢ < 2 x 1072 GeV?/c?. The targets were C, Al and Fe. Figure 2
shows the value obtained for F3" averaged over the range s = 5 — 11m?
and compared to various models for F*"(s). The result obtained from this
measurernent, F**? = 12.9 + 0.9 £ 0.5GeV 73, is higher than the chiral result
Ftheo = 9 5GeV 3. Taken literally it would imply the number of colors is
four. The data point is also in agreement with the ¥ — #p model.

Hadronic backgrounds are a problem with the radiative production ex-
periment. Because the v — 3# reaction has an electromagnetic nature and
the mA — 27 A reaction can be hadronic, the signal-to-background ratio
will be reduced by the ratio of electromagnetic to strong interactions. The
experiment also suffered from poor statistics; their final sample contains ap-
proximately 200 events.

We conclude that a high statistics measurement of F37 using real photons
is needed. While the radiative production experiments were statistics lim-
ited, with real photons it will be possible to acquire high statistics (several
thousand events) in relatively short running periods (several weeks). Com-
pared to radiative production with pion beams, the advantage to a photon
induced reaction near the pion pole is that both signal and backgrounds will
be electromagnetic in origin, which should be optimal for background rejec-
tion. In addition, the use of real photons will eliminate w-pole contributions
to the amplitude (see Appendix A).

3 Overview of the experiment

We propose to measure F3" in the y#* — 7+7° reaction near threshold,

s < 15m2. The yrt — #%z% reaction will be studied by measuring vp —
mt7% cross sections near t =~ —m2. We plan to use tagged photons with
energies between 1 and 2 GeV. The 7% will be detected using the CLAS drift
chambers and time-of-flight system, and the 7° using the electromagnetic
calorimeters. Because we do not require the detection of the recoil nucleon, it
will be possible to take data at the lowest values of |t| which are kinematically
allowed. For s = 10 m?, the minimum values of |{| are 0.61 m? and 0.13 m?
for £, = 1.0 and 2.0 GeV, respectively. The experiment will be able to

extract F®" at several values of s over the interval 6 < s < 15 m? so that



any dependence of F3" on s can be determined and compared to theoretical
models.

Backgrounds from other reactions that produce w*#° final states are a
concern for this experiment (see Appendix B for a detailed discussion). We
request a broad photon tagging interval, from approximately 1 to 2 GeV in
photon energy, to help us understand the characteristics of the backgrounds
and to optimize signal-to-background. The dominant physics backgrounds
will be from yp — Ax and yp — N* — p*n reactions. These backgrounds
can be minimized by placing cuts on s, t, the 7% center-of-mass angle 8,
and the mn invariant mass.

3.1 Cross sections for yp — nt7'n
The cross section for the reaction vz — 77 is given by([13, 14]

l T— T 3y .
(U";!T = (f;&:_ %(s — 4m?)sin®0,

where in the kinematics of Figure 1 7 = (ks — k1)%, s = (k1 + k2)?, and 8, is
the 7+ scaltering angle relative to the photon direction in the center of mass
frame. It is generally more convenient to work with cross sections differential
in dQ. By using the kinematic relationship

1 4m?
r:a[Qt—l—mi-s—(s—mi) 1— m”COSBTr]

S

where t = k2, the differential and total cross sections are derived to be

do"?f?r-—mn (F3”)2 8 4m?|- 3/2 .
dQY 1287 167 - 3 (s —mZ)sin“Oy

/2
(F37)2 5 4m?\°
o = s LT ) ()

For incident real photons, Aibergenov et el.[15] have obtained the general
form of -ymT cross sections near the pion pole as:

d*c g° s —m? —t ,
= (%) (5e25) () Pt 00

6




where g?/4r = 14.7 is the 7m-nucleon coupling constant. The form factor
Fynzn(t) describes the momentum dependence of the # N coupling. To a
good approximation this can be represented by the axial form factor of the
nucleon normalized to one at ¢t =0

1

. 2
(“W)

and M, is the axial mass parameter M4 = 0.95 GeV.

Figure 3 shows differential cross sections d*¢/dtds as a function of s
for £, = 1.5 GeV and { = —m?2. F°" was assumed to have a constant
value of 9.5 GeV~3. The cross sections increase with s approximately as s°.
Cross sections at other values of E,, ¢, or F" can be obtained by scaling the
plotted cross sections by the appropriate kinematic factors, given in Equation
1. Figure 4 is a plot of the differential cross section d?c/dtds as a function of
t for £, = 1.5 GeV and s = 10m? . The figure shows that for decreasing |¢|
the cross sections are increasing approximately as 1/|¢| with the maximum

cross section at t = —m?

T

Fnon(t) =

3.2 Event simulation: acceptance

To model vp — 7tx%n events we have used the CLAS event simulation
program “SDA” augmented with the electromagnetic calorimeter response.
The calorimeter was assumed to be 100% efficient for photon events that fell
within the fiducial volume of the detector. For compatibility with previously
approved experiments|16], all of our simulations assume a magnetic field set
to 20% of full field By, such that positive particles are bent outward.

For this measurement we require the detection of the #* and both photons
from the #° decay. Figure 5 is a typical one-event-display from SDA for an
accepted mt7% event at E., = 1.5 GeV. Because of the sin?*@, distribution of
the pions in the #*#° center-of-mass frame, the acceptance of these events
in the CLAS detector js good. Figure 6 shows the »* angular distribution
for accepted events in the 7*7® center-of-mass frame at s = 10 m2 and for ¢
distributed by —t/(t—1)2F% . (t) over the interval 0 < [t| < 10m2. The solid
curve in the figure is sin?f, scaled to the Monte Carlo data. Comparison
of the data with the curve indicates that acceptance is good over much of
the angular range for the #¥x% The 7t momentum distribution for the
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accepted events is shown in figure 7. With a momentum distribution peaking
at approximately 0.75 GeV /¢, there will be no problem in using time-of-flight
to distinguish between n*, K* and protons[17].

For E, = 1.5 GeV, the calculated acceptance as a function of s and ¢
ts shown 1n Table 1. The acceptance calculation was based on 1000 input
events per kinematic point. Because of the 3-body final state, the quantities
s and t do not completely define the kinematics. The selection of the #+
angle relative to the photon direction in the 7 C.M. frame was weighted by
the sin28, factor of the angular distribution. Table 1 shows that acceptances
vary from 10 to 20% for variations in s from 6 to 14 m?, and variations in
t from ~1 to =9 m2. The table also shows that for s & 10 the variation of
acceptance with ¢ is relatively slow.

Table 2 shows the calculated acceptance as a function of E, and s for
t = —2m?2. Acceptance calculation was based on 1000 input events per
kinematic point. In terms of acceptance and cross sections, which vary as
o ~ s*/EZ, high photon energies (=~ 2 GeV) will be most suited for taking
data near s & 14m?2. Low photon energies (= 1 GeV) afford the possibility
of taking data over a range in s from 6 to 14 m2.

3.3 Event simulation: resolution

For event simulation the energy resolution of the electromagnetic calorimeter
was taken as 8.5%/v/E[17]. The v~ invariant mass distribution from z° decay
at B, = 1.5 GeV, s = 10m? and ¢ distributed as given by Equation ! is shown
in Figure 8. The calculated 7° mass resolution is 40 MeV FWHM.

The resolution in t = (¢ — k; — k;)* and to a lesser extent the resolutions
ins = (ki + k)%, ¢ = (¢ — k2)?, and u = (q — k;)? are limited by the
calorimeter energy resolution. To enhance the resolution, we plan to utilize
the kinematic constraints offered by the #® — 4+ reaction. The v invariant
mass squared is given by

m?r'r =2E,F; (1 — cost)

where @ is the opening angle, and £; and E; are the energies of the two
photons, all in the laboratory system. If it is assumed that the two photons
result from 7% decay and that the resolution in 6 is good compared to the
resolution in £, and F,, then the product of photon energies is determined



by the opening angle and is given by

m2

L S

Bk = 2(1 — cost)
With a spatial resolution in the calorimeters on the order of 2-3 cm at a
distance 4 meters from the target, the m2  resolution is dominated by the
energy resolution in E; and E; and the above equation is a good measure of
E\E;. If t, s, t' and u were functions solely of the energy product defined
by P = E,F,, then it would be possible to make exact corrections to these
quantities. However, they are functions of F, and P, and it is necessary to
select the “best” pair of energies, E] and E}, consistent with P = E{E}. To
make resolution corrections we propose to minimize x? with respect to Fj,

sy (L= B | (P/E) = Ea)
x(By) = 2 + 2

2o TE,
where E,, E,, 0g,, and o, are the measured photon energies and resolutions.

For calculations of ¢ it most advantagous to use the expression { = s +
t'+u—2m? since it involves squares of four-vectors with cross terms in £, E,
that are well constrained. Figure 9 shows the resolution functions for ¢, s, #/,
and u after corrections. For s = 10m2, and E., = 1.5 GeV, the resolutions in
sigma for ¢, s, ¢, and u are 0.32, 0.43, 0.38, and 0.06 mZ, respectively.

To summarize our discussion of acceptance and resolution, we plot in
Figure 10 the t distribution for accepted events for s = 10 m2, and £, = 1.5
GeV. The t distribution from Equation 1 was used as input. The effects of
acceptance and resolution are included in the Monte Carlo and are reflected
in the data. The data clearly show peaking at ¢ = —m?, with a drop to zero
as t — 0. The solid curve in the figure shows the ¢ dependence of Equation
| scaled to fit the data at ¢ = —2m2. The correspondence with Monte Carlo
data is good except for || < 2rn2 where it is necessary to include the effects
of resolution and decreasing acceptance.

3.4 Data analysis

A completely model-independent analysis of the data uses the Chew-Low
extrapolation technique[l8]. One of the variations of this method is to form
the product of the cross section and (t — m2)?, denoted by f(t), and then
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extrapolate f(%) to the pion pole, { — m2. Generally this is done by fitting
the data to a polynomial,
2 &0 _

dids ~

(t —m2) F(0) = o+ ealt = m2) + eaft — m2)? o+ et — m2) 4 .

By going to O(t — m2)® it is generally possible to make the extrapolation
model independent. Furthermore, the extrapolation to the pion-pole is in-
dependent of the presence of backgrounds or interference terms, which at
lowest order are present in the O(t — m?2) term. Using Equation 1, the cross
section at the pion-pole is given by

2 2
2y _{—9 s—Mm, 2
fimz) = co= ( ir ) (87rm,2VE$) MMy Oymmrn

While the Chew-Low method is model independent, the background and
interference terms limit the accuracy of the extrapolation. These terms may
cause f(0) > 0 and, contrary to claims in the literature[15], it is not realistic
to constrain the polynomial fit by f(0) = 0. The background terms also
induce quadratic curvature in f(t), which makes extrapolations to the pion-
pole difficult. For this reason we propose to use the Chew-Low method
only in kinematic regions where the background terms are small, primarily
at high photon energies and high s values. For regions of high background
contamination we propose to utilize a model-dependent extrapolation, and
fit the data to functions such as

2
s do

dtds ~

(t —m3) F(t) = o[l + a(t = m)tFR, N () + ar[1 + Bi)(t —m7)

where ¢ has the same relation to o.,,—r- as previously discussed. This func-
tion assumes a linear ¢t dependence for r_ . near the pole, an assumption
supported by the calculations presented in Figure 2. In principle, a could
be fitted to the data, although greater accuracy in ¢y can be obtained by
fixing o from model calculations. The fitted function also assumes a linear
background and no interference terms (ie. no terms in ( —m?2)). The precise
form used for the parameterization of the background is not important if the
shape can be fixed by the data. For example, it should be possible to obtain a
good measure of the ¢ distribution of the backgrounds events by going either
to small s (the true cross section goes as & ), or to s values near the p.

10



Data from yn — p~p indicates that 8 =2 0.03rn;? for the pt background (see
Appendix B).

Figure 11 shows simulated data assuming a pessimistic signal-to-background
ratio of 1:2 for t = —m2, and o = 0 and 8 = 0.03m ;2. To simplify our anal-
ysis we have not included the effects of acceptance or resolution in the data,
since we do not believe these will be limiting factors. In the distribution we
assumed 100 true events/m? at ¢ = ~m2. Given a 58 day run on proton at an
incident energy of 2.4 GeV and a tagging rate of 107 photons per second, this
will be achievable at s = 10 m? and a bin width of As = mZ. The curves in
the figure show the results of the model-dependent fit assuming fixed o = 0
and 3 = 0.03m;%. The solid curve shows the fit to the signal background,
and the dashed curve indicates the fitted background. The error in oyr_rr
resulting from the fit is £16%, which gives an amplitude error in F°" of £8%.
We conclude that even with significant backgrounds it is feasible to measure
F3 at the 10% level for values of s as small as ~ 10 m}?.

4 Run conditions and expected results

The data acquisition trigger should be one charged track in the CLAS and
a tagged electron in the Tagger. Positive particles should be bent outward
in the CLAS, and the magnetic field should be set to the highest value that
is compatable with other experiments. For our purposes a magnetic field set
to 20% of full field is adequate, and it maintains compatability with other
approved experiments[16].

The electron beam energy should be 2.4 GeV, and the photon tagging
interval should be over the full tagging interval from 0.2 to 0.95 of Ep. The
wide range in photon energies, from 500 MeV to 2.3 GeV, will allow us to
optimize our signal-to-background. Because the tagged photon flux varies
as 1/E.,, the low energy photons should be pre-scaled. The prescaling plan
worked out by the spokespersons of experiments E89-004, E89-024, E91-008,
and E93-033 is acceptable to us. This plan calls for prescale factors of 1/16
for photon energies up to 0.85 GeV, 1/4 up to 1.4 GeV, and full rate beyond
1.4 GeV[19].

Our beam request is based upon obtaining 100 true events/m? at ¢ = —m?2
and s = 10m?. For average cross sections and acceptances we have used the
values at £, = 1.5 GeV, and we assumed an inefficiency from data cuts
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of 50% (see Appendix B for details). Taking a tagger rate of 10” photons
per second, and a liquid hydrogen target 10 cm long, we require 58 days of
running at 2.4 GeV with detector conditions as stated above.

Figure 2 shows the anticipated errors in £3" for the proposed measure-
ment as a function of 5. In calculating the errors, a 10% systematic error in
the cross section was added in quadrature, and it was assumed that the errors
are not background limited. Under these conditions measurements down to
s =2 Tm? are possible. The data are primarily systematics limited, not statis-
tics limited, at values of s as small as 9 m2. Compared to the data point
of Antipov et al., the proposed experiment will measure F*™ with greater
accuracy, and the data can be compared with models for the momentum
dependence of F*7,

5 Future extension using linearly polarized
photons

The use of linearly polarized tagged photons provides a powerful means of
identifying the ¢-channel pion exchange mechanism of Figure 1. In the 7 x°
rest frame the angular distribution for pseudo-scalar (ie. pion} exchange is

W(cosh, ¢) = 8%3:6?129(1 — € cos2¢)
where ¢ is the photon polarization, and & and ¢ are the polar and azimuthal
angles of the pion relative to the photon direction and polarization. There-
fore, for pseudo-scalar exchange, the pions are preferentially emitted at 90°
to the direction of the photon electric vector. In general, this will not be the
case for yp — A and yp — p*n reaction mechanisms.

At present there are two proposals under consideration for providing lin-
early polarized tagged photons in Hall B. One method is to produce coherent
bremsstrahlung from a diamond crystal[26]. The technique produces approx-
imately 40% polarization at £, = 2 GeV for an incident electron energy of 4
GeV. At 2 GeV the polarization could be determined by measuring a purely
diffractive process, such as p° photo-production at low ¢, where the azimuthal
distribution goes as 1 + ¢ cos2¢. The other polarization technique uses laser
backscattering from the electron beam[27]. In this case the linearly polarized
laser light is contained within an optical cavity and a high current electron

12



beam passes through the cavity. High polarization, nearly 100%, can be
obtained with this technique.

We plan to follow the development of these two linearly polarized photon
sources. At some future date we will consider an extension of this proposal
to study the axial anomaly using the ¥7+ — 7+x° reaction near threshold.

6 Summary

We request approval for a measurement of the y7+ — =% 7% reaction near

threshold. This reaction can be studied by measuring vp — 7*7% cross

sections near { &~ —m2. The v — 3 structure function obtained from

the data, F°7, is related to #® — v by PCAC and is predicted by the
Wess-Zumino-Witten effective chiral Lagrangian without free parameters.
To perform this measurement we request the following running conditions:

e Electron beam energy =2.4 GeV

e Liquid proton target

o Full tagging interval from 20% to 95% of full energy
o Tagging rate of 107 photons/s

¢ 58 days of CLAS operation

¢ Magnetic field set to bend positive particles outward
e Magnetic field not to be less than 20% of full field

¢ Prescaling of low energy tagged photons

13



A Momentum dependence of F°"

The chiral amplitude is strictly valid in the limit ¢* = s = ¢ = v = 0. By
using incident real photons g2 = 0. However, in the physical region, where
s > 4m? and t < 0, the quantities s, #, and u are non-zero. For the proposed
measurement (incident real photon on a virtual pion, and two real outgoing
pions) the relation between s, ¢/, u, and ¢ is

t:s+t'+u——2mfr

Evaluating this expression for s = 10m? and small || gives t' =~ u =~ —5m2.

In the physical region it is expected that vector meson dominance (VMD)
can yield the momentum dependence of F3". There have been several theo-
retical approaches to this problem. Terent’ev[20] considered the vector-meson
pole diagrams shown in Figure 12 as corrections to F°*(0). The momentum
dependence of F*" is given by

2

Y q
e

3 ' 2y _ i i i’ 2
For(s,t",u,¢*) = F (O)l”@’e (mg_s+mg—t'+mﬁ—u

_ 29pmrGory
* T mdF(0)

where g,.» and g,., are the coupling constants determined via the partial
widths of the p meson,

gt m, m2 1%/

iy T
[(p o rr)= ——p48w [ ~4—2

p

2 213

g2 _m, m

r 4 Lo M Ay | ISR 4

(p—77) = Zge- [ i |

and 6 and &' are unknown relative phases. Evaluating the above equations
gives C, = 0.434. There are similar expressions[12] for C,,, and these give
C. =~ 3. An important advantage for a real photon measurement (¢* = 0) is
that the w-pole contribution vanishes.

In an alternate approach Rudaz [21] considered VMD and the axial anomaly
term to provide equivalent descriptions of the ¥ — 37 vertex, requiring con-
sistency between the VMD and PCAC methods. The momentum dependence

14



of F*™ in this prescription is given by

z 1
F3”(3,t', U) = FSW(O)leZ ( 1 + 1 + )

2 _ g2 P 2 _ 2 __ 4t 2 _
m2 —q?3 mi—s mi—t mi-—u

In this model F°"(s,t',u) normalizes to F37(0) at zero energy, with no un-
known phases.

Most recently Bijnens et al.[22] calculated the next to leading order cor-
rections to vyr~ — #~ 7% and p — 77~ in chiral perturbation theory. The
corrections include one loop diagrams involving one vertex from the Wess-
Zumino term, and tree diagrams from the O(p®) effective Lagrangian. The
tree coeflicients were fixed by assuming their saturation by vector meson
contributions. The correction term has the following form

P (o) = (0) (14 Clplon ) + sl 4 € 40

2m?
where C,’;Zps(s,t’,u) is the loop correction. For the ym~ — 7~ x° reaction the
loop contribution is similar in magnitude to higher dimension terms in the
Lagrangian.

Figure 2 shows F7(s,t',u) as a function of s for the models of Terent’ev[20]
(solid curve), Rudaz[21] (short dashed curve), and Bijnens et al.[22] (long
dashed curve) for t' = u = 0, and 6 = 0. Also shown are the amplitudes at
zero momentum for N.=4, 3, and 2, and the zero momentum VMDD model
of Cohen[11]. The calculations indicate that F>" grows with increasing s.
The two VMD calculations show a larger increase than the x PT calculation.
For the proposed measurement we expect corrections to the zero momentum
amplitude to be in the 20% range.
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B Background reactions

The experimental signature for the t-channel pion exchange mechanism of
figure 1 will be the enhancement of the cross section at low ¢ and sin?6,
angular distribution of the pion. The low ¢ enhancement will be on top of
relatively flat backgrounds produced by p* and 7A final states. Given the
relatively high statistics obtained in this measurement, it will be possible
to reliably extract g.._rr cross sections even under worst-case situations
where the signal-to-background is only 1:2. Background suppression should
work especially well at high photon energies, approximately 2 GeV. In this
section we present model calculations for the magnitude, and the s, ¢ and 8,
distributions for these backgrounds.

There is little information available on vp — #*#x%n background reactions.
It is known that the vyp — 77~ p reaction is dominated by p® and A*+x~
final states over the photon energy range from approximately 1 to 2 GeV.
Likewise for the 4p — mtx%n reaction, we assume the dominance of p* and
Anr fina) states. Cross sections for yp — A%r* have been measured[23], and
at F, = 2.0 GeV the cross section is approximately 2.5 ub. The reaction
~p — A*7° has not been measured, and we assume its cross section is also
equal to 2.5 ub. Barberet al.[24] have determined yp — ptn cross sections
in the energy range 2.4 to 4.8 GeV. Extrapolating their cross section curves
to 2.0 GeV gives 5 ub. Summing the cross sections with the appropriate
branching ratios gives a total estimated cross section of 7.5 ub at 2.0 GeV.
This estimate is in good agreement with the yn — =~ 7% data shown in
Figure 13a[25].

To make estimates of the anticipated backgrounds, we modeled cross sec-
tions in the Az channel assuming isotropic distributions in the vp — Ax
and A — 7n center of mass frames. The total cross section for the Ar chan-
nel we take as 5 pb equally weighted between A%%% and A*#° final states.
This cross section is the average of our estimate and the amount of non-p~
cross section in the yn — 7~ 7% reaction[25]. To restrict background events
we require that in the = center-of-mass frame |cosf,| < 0.6. Furthermore,
we require that the 7*n and x°n invariant masses, My, and My, should
both be greater than 1.5 GeV. Since the background model assumes a Ax
intermediate state, this eliminates most events except for those on the high
energy (> 1.5 GeV) tail of the A. For our analysis the A was modeled as
a Breit-Wigner line shape. The cut inefficiency for true events varies from
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0.35 at s = 6m?2 to 0.63 at s = 16m2.

The other background reaction to consider is yp — ptn. Since diffrac-
tive production is not allowed in this case (the photon cannot spontaneously
change into a pt) other production mechanisms are responsible for p* pro-
duction. Figures 13b and 13c show differential and total cross sections for
4n — p~p, respectively. The solid curves in the figures are meson exchange
calculations for yn — p~p. The figures show that the meson exchange mech-
anism alone cannot explain the data. At low [f| the experimental differential
cross sections are twice the size of the calculation. The agreement with the
experimental total cross section is adequate only for photon energies above
2.5 GeV. Figure 13b also shows that the total p~ photo-production cross
section peaks at approximately 1.5 GeV, or W x 1.9 GeV. This has led to
speculation that much of the p~ production results from the decay of nucleon
resonances|26].

For the background calculation we assume isotropic distributions in the
vp — ptn and pt — 7+x® center of mass frames. This is consistent with
a pt production mechanism through N* decay. The total cross section at
2.0 GeV was taken as 5 pb. The same cuts as discussed above were applied
to the cross sections. Figure 14 is a plot of the /s distribution of the =~ #°
data. The fitted curves, which show the p~ peak and A= backgrounds, give
little evidence for p~ strength in the threshold region (/s = 500 MeV). In
the analysis of Benz et al. the p~ peak was fitted with a line shape that
in the threshold region has the approximate form (s — 4m2)'gw(s), where
Ppw(s) is the Breit-Wigner form. We used this form of the p* peak for our
analysis.

Figure 15 is a plot of d®c/dtds as a function of s at E, = 2.0 GeV and
t = —m?2, where the cross sections have been reduced by cut inefficienies, and
and we have assumed the model of Terent’ev for the momentum dependence
of F". The dashed curve in the figure with error bars are the calculated
cross sections for yp — Ar — 7¥7°n reduced by the cuts. The calculated
cross sections for yp — ptn are shown as the long-dashed curve in the figure.
Based on our model assumptions, the figure indicates that acceptable signal-
to-background ratios can be obtained for values of s down to 10 mZ.

To summarize the discussion in this appendix, we have presented evidence
that background reactions can be minimized and that signal-to-background
ratios of 1:1 or better can be obtained. The calculations presented here
are purely phase space, and we implicitly assume the matrix element <
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vp|Ty:|x* 7% > is constant. This does not include the effects of nucleon
structure and reaction mechanisms that will modulate uniform phase space
distributions. By using real data to carefully examine background reactions,
it will be possible to improve upon the conditions estimated here for the
extraction of the t-channel m-exchange cross section.
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Table 1: Acceptance in percent as a function of s and ¢ at £, = 1.5G¢V and
B = 0.2By. The acceptance calculation was based on 1000 input events per
kinematic point.

s(m2)
l | [ 6] 8[to]12]14]
1] 7116]19]21 25
3141521 [22]25
t(m2) | -5 || 16 | 20 | 21 |26 | 24
7242125 (24|25
9|27 |24 |24 23128

Table 2: Acceptance in percent as a function of s and E, at t = —m? and
B = 0.2By. The acceptance calculation was based on 1000 input events per
kinematic point.

s(m2)
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Figure 1: t-channel Feynman diagram for ym* — n*#°
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Figure 2: The v — 3= structure function F3"(s,#,u) as a function of s for
the models of Terent’ev[21] (solid curve), Rudaz{22] (short-dashed curve),
and for Bijnens et al.{23] (long-dashed curve), for ¢ = u = 0 and § = 0. The
dotted lines show the amplitudes for N, =4, N, = 3, and N, = 2. Alsoshown
is the low energy limit of a v — wp — 3x calculation[12]. The square data
point is from Antipov et al.[16] The other data points show the anticipated
statistical and systematic uncertainties for the proposed measurement.
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gamma + p —> pi* pi’ p at 1.5 GeV
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Figure 6: The =+ angular distribution for accepted events in the 7+ 7? center-
of-mass frame for s = 10 m?2 and ¢ distributed as given by Equation 1. The
solid curve in the figure shows sin?@ with arbitrary normalization.

28



gamma + p —> pi* pi®p at 1.5 GeV
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Figure 7: #* momentum distribution for accepted events at E, = 1.5 GeV,
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gamma + p —> pi" pi® p at 1.5 GeV
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Figure 11: Simulated data and backgrounds assuming 100 signal events/m2
at t = —m? and a worst-case signal-to-background ratio of 1:2. The solid
curve shows the fit to the total, and the dashed curve shows the fitted back-

ground.
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Radioactive/Hazardous Materials
List any radioactive or hazadorous/
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other
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type:
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class:
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alignment

Hazardous Materials
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